
United States Patent and Trademark Office 



UNITED STATES DEPARTMENT OF COMMERCE 
United States Patent and Trademark Office 

Address: COMMISSIONER FOR PATENTS 
P.O. Box 1450 

Alexandria, Virginia 223 13-1450 
www.uspto.gov 



APPLICATION NO. 


FILING DATE | 


FIRST NAMED INVENTOR 


ATTORNEY DOCKET NO. 


CONFIRMATION NO. | 


10/005,202 


12/04/2001 


Keith D. Allen 


R-902 


6809 



7590 



03/18/2004 



EXAMINER 



deltagen, inc. 

740 Bay Road 

Redwood City, CA 94063 



WILSON, MICHAEL C 



ART UNIT 



PAPER NUMBER 



1632 

DATE MAILED: 03/1 8/2004 



Please find below and/or attached an Office communication concerning this application or proceeding. 



PTO-90C (Rev. 10/03) 



■■ — 


Application No. 


Appllcant(s) 




Office Action Sutmnsn/ 


1 0/005,202 


ALLEN, KEITH D. 


Examiner 


Art Unit 






Michael C. Wilson 


1632 





- The MAILING DATE of this communication appears on the cover sheet with the correspondence address - 
Period for Reply 

A SHORTENED STATUTORY PERIOD FOR REPLY IS SET TO EXPIRE 3 MONTH(S) FROM^ 
THE MAILING DATE OF THIS COMMUNICATION. 



- Extensions of time may be available under the provisions of 37 CFR 1 .136(a). In no event, however, may a reply be timely filed 
after SIX (6) MONTHS from the mailing date of this communication. 

- If the period for reply specified above is less than thirty (30) days, a reply within the statutory minimum of thirty (30) days will be considered timely. 

- If NO period for reply is specified above, the maximum statutory period will apply and will expire SIX (6) MONTHS from the mailing date of this communication. 

- Failure to reply VMthin the set or extended period for reply will, by statute, cause the application to become ABANDONED (35 U.S.C. § 133). 

- Any reply received by the Office later than three months after the mailing date of this communication, even if timely filed, may reduce any 
earned patent term adjustment. See 37 CFR 1 .704(b). 

Status 

1)M Responsive to communication(s) filed on 25 July 2003 . 
2a)D This action is FINAL. 2b)ISl This action is non-final. 

3) G Since this application is in condition for allowance except for formal matters, prosecution as to the merits is 

closed in accordance with the practice under Ex parte Quayle, 1935 CD. 1 1 , 453 O.G. 213. 
Disposition of Claims 

4) B Claim(s) 1-28 is/are pending in the application. 

4a) Of the above claim(s) 1.2. 13 and 26-28 is/are withdrawn from consideration. 

5) n Claim(s) is/are allowed. 

6) S Claim(s) 3-72 and 14-25 is/are rejected. 
?)□ Claim(s) is/are objected to. 

8) n Claim(s) are subject to restriction and/or election requirement. 

Application Papers 

9) n The specification is objected to by the Examiner. 

10) n The drawing(s) filed on is/are: a)n accepted or b)^ objected to by the Examiner. 

Applicant may not request that any objection to the drawing(s) be held in abeyance. See 37 CFR 1 .85(a). 

11) 0 The proposed drawing correction filed on is: a)n approved b){3 disapproved by the Examiner. 

If approved, corrected drawings are required In reply to this Office action. 

12) D The oath or declaration is objected to by the Examiner. 
Priority under 35 U.S.C. §§119 and 120 

1 3) 0 Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 1 1 9(a)-(d) or (f), 

a)nAII b)n Some*c)n None of: 

1 .□ Certified copies of the priority documents have been received. 

2. n Certified copies of the priority documents have been received in Application No. . 

3. n Copies of the certified copies of the priority documents have been received in this National Stage 

applicafion from the international Bureau (PCT Rule 17.2(a)). 
* See the attached detailed Office acfion for a list of the certified copies not received. 

14) S Acknowledgment is made of a claim for domestic priority under 35 U.S.C. § 1 19(e) (to a provisional application). 

a) □ The translation of the foreign language provisional application has been received. 

1 5) Q Acknowledgment is made of a claim for domestic priority under 35 U.S.C. §§ 120 and/or 121 . 

Attachment(s) 

1 ) K Notice of References Cited (PTO-892) 4) □ Interview Summary (PTO-41 3) Paper No(s). . 

2) □ Notice of Draftsperson's Patent Drawing Review (PTO-948) 5) Q Notice of Informal Patent Application (PTO-152) 

3) 13 Information Disclosure Statement(s) (PTO-1449) Paper No(s) 06-03-02 . 6) Q Other: 



U.S. Patent and Trademark Office 
PTOL-326 (Rev. 04-01) 



Office Action Summary 



Part of Paper No. 092203 



Application/Control Number: 10/005,202 Page 2 

Art Unit: 1632 

DETAILED ACTION 
Specification 

New Fig. 3 and the amendment to the description of Fig. 3 have been entered. 
The applications cited in the specification on pg 10, line 19, and pg 1 1 , line 1 , will 
need updated as necessary. 

Election/Restrictions 

Applicant's election without traverse of Group II, claims 3-12 and 14-25 is 
acknowledged. 

The requirement is still deemed proper and is therefore made FINAL. 

Claim 1 , 2 and 26-28 are withdrawn from further consideration pursuant to 37 
CFR 1.142(b), as being drawn to a nonelected invention, there being no allowable 
generic or linking claim. 

Claims 3-12 and 14-25 are under consideration in the instant office action. 

Claim Objections 

Claim 9 is objected to because it is dependent upon claim 1 which is not under 
consideration. 

Claim Rejections - 35 USC § 101 

35 U.S.C. 101 reads as follows: 

Whoever invents or discovers any new and useful process, machine, 
manufacture, or composition of matter, or any new and useful improvement 
thereof, may obtain a patent therefor, subject to the conditions and requirements 
of this title. 
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Claims 3-12 and 14-25 are rejected under 35 U.S.C. 101 because the claiilried 
Invention is not supported by either a specific or substantial asserted utility or a well- 
established utility. 

Claims 6, 7 and 14-24 are directed toward a transgenic animal having a 
disRjption of a KirS.I gene, an inwardly rectifying potassium channel. Claims 10 and 25 
are directed toward methods of using the mice to identify compounds. The art at the 
time of filing did not teach mice with a disruption in the Kir5.1 gene. However, the art at 
the time of filing taught mice with a disruption in GIRK2 (Kir3.2) are indistinguishable 
from wild-type mice, while wv/wv mice, having a single point mutation in the Kir3,2 
gene, had extensive cerebellar granule cell death, dopaminergic neuronal loss in the 
substantia nigra, male infertility, and spontaneous seizures (Signorini, 1997, PNAS, Vol. 
94, pg 923-927). Thus, different mutations in inwardly rectifying potassium channels 
caused different phenotypes. The specification teaches making KirS.I -/- mice having 
dwarfed body shape (pg 53, lines 21-22), decreased body weight, spleen weight and 
spleen:body weight ratio (pg 54, lines 54), and increased startle response (pg 55, lines 
8-11). 

The mouse claimed does not have a specific utility. The specification suggests 
using the mice as a model of disease but does not disclose a specific disease in 
humans linked to a disruption in KirS.I (pg 18, lines 8-9; pg 19, lines 21-23). The 
specification suggests using the mice to compounds that alter a physiological response 
in the mice (pg 19, lines 5-20). The specification does not teach a disruption in KirS.1 
correlates to any specific disease or physiological response in humans, specifically 
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dwarfism, decreased spleen weight, or anxiety as claimed. Using the mice claimed to 
identify compounds is not specific to the mouse claimed because wild-type mice may be 
used to identify such compounds. In fact, any mouse can be used to find compounds 
that increase body weight, increase spleen weight or decrease the startle response. 
The specification teaches the "open field test" is generic to the hearing processing, 
sensory and motor processing, global sensory processing and motor abnormalities (pg 
54, lines 20-25) as well as sensorimotor processing, attention, anxiety and thought 
disturbance (pg 54, lines 26-30); therefore, the "open field test" is not specific to any 
disease. Thus, using the mouse claimed to identify compounds is not specific to that 
mouse, and the mouse claimed does not have a use that is specific to any disease in 
humans. 

The mouse claimed does not have a substantial utility. Claims 10-11, step c) 
require administering compounds to the mice and determining whether Kir5.1 gene 
expression is modulated. Compounds that modulate Klr5.1 expression cannot be found 
using the mice disclosed because Kir5.1 is not expressed in the mice. Claim 24 
requires using identifying an agent that ameliorates a phenotype associated with KirS.I 
by administering compounds to the mice and determining whether a phenotype is 
ameliorated; however, the specification does not identify any compounds that alter 
physiological responses using the mice. Therefore, using the mouse to identify 
compounds is not substantial. 

Claim 9 is included because it is directed toward making the mouse, which lacks 
utility for reasons above. Claims 3-5, 8 and 15, directed toward cells having a disrupted 
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KirS.I gene, and claims 11-12, directed toward using the cells to test compounds, are 

included because the cells lack a specific and substantial utility for the reasons above. 

Claim Rejections - 35 USC § 112 

The following is a quotation of the first paragraph of 35 U.S.C. 1 12: 

The specification shall contain a written description of the invention, and of the 
manner and process of making and using it, in such full, clear, concise, and exact 
terms as to enable any person skilled in the art to which it pertains, or with which 
it is most nearly connected, to make and use the same and shall set forth the 
best mode contemplated by the inventor of carrying out his invention. 

Claims 3-12 and 14-25 are also rejected under 35 U.S.C. 112, first paragraph. 
Specifically, since the claimed invention is not supported by either a specific or 
substantial asserted utility or a well established utility for the reasons set forth above, 
one skilled in the art clearly would not know how to use the claimed invention. 

In addition, the specification does not reasonably provide enablement for any 
animal, Kir5.1 gene, phenotype, cell, disruption, method of making a transgenic or 
method of using a transgenic as broadly claimed. 

Claims 6, 7 and 14-24 are directed toward a transgenic animal having a 
disruption of a Kir5.1 gene. Claims 10 and 25 are directed toward methods of using the 
mice to identify compounds. The art at the time of filing did not teach mice with a 
disruption in the Kir5.1 gene. However, the art at the time of filing taught mice with a 
disruption in GIRK2 (Kir3.2) are indistinguishable from wild-type mice while wv/wv mice, 
having a single point mutation in the Kir3.2 gene, had extensive cerebellar granule cell 
death, dopaminergic neuronal loss in the substantia nigra, male infertility, and 
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spontaneous seizures (Signorini, 1997, PNAS, Vol. 94, pg 923-927). Thus, different 
mutations in inwardly rectifying potassium channels caused different results. 
The specification teaches making Kir5.1 -/- mice having dwarfed body shape (pg 53, 
lines 21-22), decreased body weight, spleen weight and spleen:body weight ratio (pg 
54, lines 54), and inaeased startle response (pg 55, lines 8-11). 

The specification does not enable making or using a transgenic with a wild-type 
phenotype as encompassed by the claims. The transgenics throughout many of the 
claims do not recite any phenotype and may, therefore, have any phenotype including 
wild-type phenotype. The specification does not provide any use for a transgenic 
having a disruption in Kir5.1 that has a wild-type phenotype. 

The specification does not teach how to make any cell having a disruption in a 
Kir5.1 (claims 3-5). Specifically, claims 4-5 encompass mice and rat cells. "Murine" 
encompasses mice and rats ( http://www. m-w.com/cgi- 

bin/dictionarv?book=Dictionarv&ya=murine V The only means of making a cell with a 
disruption in Kir5.1 taught in the specification is by using mouse embryonic stem cell 
technology. The state of the art at the time of filing was such that embryonic stem (ES) 
cell technology had only been successful in mice. Wagner (May 1995, Clin, and 
Experimental Hypertension, Vol. 17, pages 593-605) and Mullins (1996, J. Clin. Invest., 
Vol. 98, pages S37-S40) taught germline transmission of ES cells has not been 
demonstrated in species other than mice and the growth of ES cells from species other 
than mice is unreliable. Wall (1996, Theriogenology, Vol. 45, pg 57-68) taught 
transgene expression and the physiological result of such expression in livestock was 
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not always accurately predicted in transgenic mice (page 62, line 7). The specification 
fails to provide sufficient guidance to make transgenics other than mice by teaching 
obtaining ES cells in species other than mice. The specification does not teach the 
nucleic acid sequence of the KirS.I gene in non-mice, non-human species or correlate 
the KirS.I gene in mice to the KirS.I gene in other species. The specification does not 
teach how to make knockout animals other than mice or correlate making knockout 
mice to other species. Therefore, the specification does not provide adequate guidance 
for one of skill in the art to make cells having a disruption in KirS.I in any species other 
than mice. 

Claim 9 is directed toward a method of making a transgenic mouse having a 
disruption in KirS.I using a cell having a construct with two sequences of KirS.I , 
introducing the cell into a blastocyst, implanting the blastocyst into a pseudopregnant 
mouse which gives birth to chimeric mice, and breeding the chimeric mouse to produce 
the transgenic mouse. The claim does not require using mouse cells or an embryonic 
stem cell, which is considered essential to the invention. A mouse ES cell is the only 
type of cell taught in the specification that can be introduced into a blastocyst and result 
in a chimeric mouse as claimed. The claim does not require the mouse have a non-wild 
type phenotype, which is required for reasons cited above. Given the unpredictability in 
the art taken with the guidance provided in the specification, the cell in a) should be a 
mouse ES cell, the blastocyst in b) should be a mouse blastocyst, and the transgenic 
mouse produced should have a genome comprising a homozygous disruption in KirS.I, 
wherein said mouse lacks functional KirS.I 



Application/Control Number: 10/005,202 Page 8 

Art Unit: 1632 

Claims 10-12 are directed toward methods of screening compounds using a cell 
or mouse having a disruption in a KirS.I gene. Step (c) requires determining whether 
the expression or function of Kir5.1 is modulated but the mice and cells do not express 
KirS.I. The specification does not teach how to determine KirS.I expression in mice 
having a disruption In KirS.I . While the specification teaches transgenics expressing 
LacZ, the specification does not teach how to use such mice in an assay to determine 
whether a compound modulates KirS.I . Without such a disclosure, the specification 
does not provide adequate guidance for one of skill to use the mouse disclosed to 
determine compounds that modulate KirS.I expression or function. 

The following is a quotation of the second paragraph of 35 U.S.C. 112: 

The specification shaH conclude with one or more claims particularly pointing out and distinctly 
claiming the subject matter which the applicant regards as his invention. 

Claims 10-12, 14, 15, 17, 18, 21, 24 and 25 are rejected under 35 U.S.C. 112, 
second paragraph, as being indefinite for failing to particularly point out and distinctly 
claim the subject matter which applicant regards as the invention. 

Claims 10-1 1 are indefinite because the mice do not express KirS.I ; therefore, 
KirS.I expression cannot be tested as claimed. 

Claim 14 is indefinite because the metes and bounds of what applicants consider 
"significant" expression cannot be determined. 

Claims 17 and 18 are indefinite because "increased anxiety" and "stimulus 
processing disorder" do not further limit "increased acoustic startle response" in parent 
claim 16. If claims 17 and 18 do further limit the acoustic startle response or the 
function of the mouse, it cannot be determined how. The startle test is generic 
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numerous nervous, muscle and cognitive functions (pg 54, lines 20-30). The limitations 
do not further limit a characteristic of the mouse because all mice having increased 
acoustic startle response are considered to have increased anxiety or stimulus 
processing disorder as claimed. 

Claim 21 does not further limit claim 20 because all mice having dwarfism have 
decreased body weight. 

Claim 25 is indefinite because phenotypes "associated' with a disruption in Kir5.1 
cannot be determined. While the mice having a disruption in Kir5.1 have dwarfism and 
increased response to the startle test, it cannot be determined if those phenotypes are 
"associated" with KirS.I in humans. It is unclear if mice having a disruption in a gene 
mapped to the distal region of mouse chromosome 1 1 (see Mouri pg 182, Fig. 1 , and 
col. 2, "additional comments") are "associated" with a dismption in KirS.I. 

Claim 25 is indefinite because it does not recite how to determine whether an 
agent ameliorates a phenotype and neither does the specification. It is unclear what 
controls are required and how such a determination is made. It is also unclear why a 
mouse having a disruption in Kir5.1 is required because any mouse can be used to 
determine whether a compound increases body size, body weight, spleen weight or 
spleen weight:body weight ratio. 

Claim Rejections - 35 USC § 103 

The following is a quotation of 35 U.S.C. 103(a) which forms the basis for all 
obviousness rejections set forth in this Office action: 
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(a) A patent may not be obtained though the invention is not identically disclosed or described as set 
forth in section 1 02 of this title, if the differences between the subject matter sought to be patented and 
the prior art are such that the subject matter as a whole would have been obvious at the time the 
invention was made to a person having ordinary skill in the art to which said subject matter perteins. 
Patentability shall not be negatived by the manner in which the invention was made. 

Claims 3-9 and 14 and 24 are rejected under 35 U.S.C. 103(a) as being 
unpatentable over SIgnorini (1997, PNAS, Vol. 94, pg 923-927) in view of Mouri 
(Genomics, 1998, Vol. 54, pg 181-182). 

Signorini taught malting a transgenic mouse having a disruption in an inward 
rectifier protein (GIRK2/Kir3.2) (pg 924, col. 2, 2'^1I). Signorini did not teach disrupting 
the Kir5.1 gene in the mice. 

However, Mouri taught the nucleic acid sequence of the mouse Kir5.1 gene 
(GenBank Accession No: AB016197). 

Thus, it would have been obvious to one of ordinary skill in the art at the time the 
invention was made to make a transgenic mouse having a disruption in an inward 
rectifier protein as taught by Signorini wherein the inward rectifier protein was Kir5.1 as 
taught by Mouri. One of ordinary skill in the art at the time the invention was made 
would have been motivated to dismpt the Kir5.1 gene instead of the Kir3.2 gene to 
determine the function of Kir5. 1 in the brain in vivo. 

Thus, Applicants' claimed invention, as a whole is prima facie obvious in the 
absence of evidence to the contrary. 



No claim is allowed. 



Conclusion 
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Inquiry concerning this communication or earlier communications from the 
examiner should be directed to Michael C. Wilson who can normally be reached on 
Monday through Friday from 9:00 am to 5:30 pm at (703) 305-0120. 

Questions of a general nature relating to the status of this application should be 
directed to the Group receptionist whose telephone number is (703) 308-1235. 

If attempts to reach the examiner, patent analyst or Group receptionist are 
unsuccessful, the examiner's supervisor, Deborah Reynolds, can be reached on (703) 
305-4051 . 

The official fax number for this Group is (703) 872-9306. 



Michael C. Wilson 
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Normal cerebellar development but susceptibility to seizures in 
mice lacking G protein-coupled, inwardly rectifying 
K"^ channel 6IRK2 

(GIRKl/embryonic stem cells/genetics/weaTer/cerdbellum) 
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Contributed byLifyY. Jan, November 21, 1996 

ABSTRACT G protein-gated, inwardly rectifying K+ 
channels (GIRK) are effectors of G protein-coupled receptors 
for neurotransmitters and hormones and may play an impor- 
tant role in the regulation of neuronal excitability. GIRK 
channels may be important in neurodevelopment, as sug- 
gested by the recent finding that a point mutation in the pore 
region of GffiKl (G156S) is responsible for the weaver (wv) 
phenotype. The GIRK2 G156S gene gives rise to channels that 
«diibit a loss of K+ selectivity and may also exert dominant- 
negative effects on Gpy-activated K+ currents. To investigate the 
pl^siological role of GIRK2, we generated mutant mice lacking 
GIRK2. Unlike wv/wv mutant mice, GIRK2 mice are 
morphologically indistinguishable from wild-type mice, sug- 
gesting that the wv phenotype is likely due to abnormal GIRK2 
function. Like wv/wv mice, GIRK2 -/- mice have much 
reduced GIRKl expression in the brain. They also develop 
spontaneous seizures and are more susceptible to pharmaco- 
logically induced seizures using a y-aminobutyric acid antag- 
onist Moreover, wv/- mice exhibit much milder cerebellar 
abnormalities than wv/wv mice, indicating a dosage effect of 
the GIRK2 G156S mutation. Our results indicate that the 
weaver phenotypes arise from a gain-of-function mutation of 
GIRK2 and that GIRKl and GIRK2 are important mediators 
of neuronal excitability in vivo* 



G protein-gated, inwardly rectifying channels (GIRK) are 
regulated by neurotransmitters and hormones through G 
protein-coupled receptors (1-3). GIRK channels arc believed 
to determine neuronal membrane excitability by selectively 
permitting the flux of ions near the resting membrane 
potential (4-7). The weaver mouse, a neurological mutant 
characterized by extensive cerebellar granule cell death during 
development (8-10), age-dependent dopaminergic neuronal 
loss in the substantia nigra (11, 12), male infertility (13), and 
spontaneous seizures (14), carries a G156S point mutation in 
the pore-forming region H5 of GIRKZ (15). This mutation 
leads to a loss of selectivity of homomeric GTRK2 channels 
and strongly reduces heteromeric GIRKl /GIRK2 channel 
function (16-18). Electrophysiological recordings from weaver 
and wild-type cerebellar granular cells have yielded conflicting 
reports, supporting either a loss of K"^ selectivity (16) or a loss 
of channel function (19). To study the physiological effects of 
GIRK2 in vivo and to address the question whether the 
phenotypic defects in the weaver mouse are due to gain-of- 
function effects such as the loss of K"^ selectivity or due to 
loss-of-f unction or dominant-negative effects on GIRKl/ 
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GIRK2 heteromultimeric channels, we have generated 
GlRK2-deficicnt mice and compared them to mice carrying 
one or two copies of the wv allele but no wild-type GIRK2 
gene. 

MATERIALS AND METHODS 

Genomic Cloning and Construction of a Targeting Vector. 

Genomic clones contaming the murine GIRK2 gene were 
isolated from a AFIX 11 murine 129/Sv genomic library 
(Stratagene) by screening the library using the full-length 
hamster GTRK2 cDNA as a probe (20), Two identical phage 
clones containing the entire murine GIRK2 gene were iden- 
tified, and three exons containing the entire open reading 
frame were mapped. To generate the GIRK2 targeting vector 
pPNT-76, an «-8-kb EcoRI fragment containing exon 1 and 
part of exon 2 was inserted into the targeting vector pPNT (21) 
such that its 3' end was adjacent to the PGK promotor 
upstream of the neomycin gene. The 3' end of the targeting 
construct was generated from the same GTRK2 genomic clone 
and contained a 0.47-kb Bgin-Xbal fragment that was inserted 
into the exon 2 £coRI/J3g/II deletion and included sequences 
from exon and intron 2 (Fig. 1^). The targedng vector was 
linearized by 7Vo/T and electroporated into R1 embryonic stem 
(ES) cells at 200 V and 800 mF. Stable colonies were grown 
under double selection in 350 /ig/ml G418 and 0.2 mM 
gancyclovin in ES cell medium (22). By Southern blotting, 150 
colonies were analyzed for homologous recombination. One 
clone (G2) was identified by the presence of a 1 .9-kb Bgli^ band 
and was microinjected into blastocysts to generate GIRK2- 
deficient mice (Fig, IB). 

Western Blot Analysis. Mouse brain membrane (50 ^g), 
prepared as described (23, 24), was solubilized in 2% SDS/ 
sample buffer (125 mM Tris, pH 6.8/20% glycerol/5% 2-mer- 
captoethanol) and loaded onto each lane. Western blots were 
probed witli 1 jLz.g/ml affinity-purified rabbit polyclonal anti- 
bodies against the N terminus of GIRK2 or GTRKl or against 
the C terminus of TRKl (23), Donkey anti-rabbit-horseradish 
peroxidase was used as secondary antibody at 1:5000 dilution. 
The blots were developed with enhanced chemiluminescence 
reagents (Amersham) and exposed to Hyperfihn-ECL (Am- 
ersham). 

Tmmunohistochemistry. Mice were perfused intracardially 
with 4% formaldehyde and 0.1% glutaraldehyde in PBS (pH 
7.4). Brains were dissected and postfixed overnight at 4°C. 
Fifty-micrometer vibratome sections were collected in 0.1 M 
Tris (pH 7.6); blocked with 2% H2O2; washed in 50 mM Tris, 
pH 7.5/100 mM Naa/0.1% Triton X- 100 (TEST); and then 
blocked in 4% normal goat serum and 3% BSA in TBST. 



Abbreviations: PTZ, pentylenetetrazol; ES cells, embryonic stem cells; 
RT, reverse transcriptase; TH, tyrosine hydroxylase. 
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Metabolic Diseases, Rockefeller University, New York, NY 10021. 
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Fig. 1. (A) Targeted disruption of the mouse GIRK2 gene in ES 
cells and mice. The genomic structure and restriction map of the 
mouse GIRK2 gene locus and targeting vectors pPNT-76 used to 
disrupt the GIRK2 gene are shown. Shaded boxes represent coding 
sequences of the exons (boxes). The probe 3' of the deletion is used 
for Southern blot analysis and shown as an open bar. B, BgRl; A,Accl; 
E, EcoKl; X, Xbal. {B) Southern analysis of transfected ES cells. 
Lanes: 1, targeted clone containing the targeted allele, as assessed by 
the presence of an additional 1.9-kb Bglil fragment; 2: parental clone 
containing the normal 1.6-kb fragment; 3-9, genotypes from tail 
biopsies of GIRK2 +/+, +/-, and nuce. (C) Reverse tran- 
scriptase (RT)-PCR analysis from brain mRNA of GIRK2 +/+, +/-, 
and - /- mice. (Upper) GIRK2 wild-type and mutant alleles are shown 
with the position of oligonucleotides used as PGR prioiers. D, deleted 
region into which the pgk-neoniycin resistance cassette was inserted. 
No primer-pair amplified products in the absence of reverse transcrip- 



Rabbit antibodies were affinity-purified, and sections were 
incubated in 1-2 /xg/ml primary antibody overnight (23, 24). 
Monoclonal antibodies against tyrosine hydro^lase (TH; Pel- 
Freez Biologicals) were used at 1:1000. Biotiiiylated donkey 
anti-rabbit or anti-mouse IgG Fab (The Jackson Laboratory) 
were used at 1:200, and sections were developed with the ABG 
kit (Vector Laboratories) and diaminobenzidiae. 

Induction of iSeizum Using Pentyleneletrazoh (PTZ). PTZ 
(Sigma) was di^6Iv|<} w TOS^^^^^^^^^ 

mg/kg in >*0.1 nil. rodtii wfth 

coiitifoited li|t^^ dark) aod 

temperatui^ (^S'^C), All ea^perim^nts were performed between 
11 sumva^dl p^m^ Aiaiittdli^^^ 

prior knowledge of theilr genotype. Each mouse was placed ip 
a transparent cage and observed for 30 min after injection. All 
mice were littermates between 10 and 14 weetks of age and 
weighed >20g. 

RESULTS AND DISCUSSION 

Generation of GIRK2 Null Mice. The GIRK2 gene was 
disrupted in ES cells by homologous recombination using a 
targeting vector in which exon 2 was disrupted and partially 
deleted by a pgk-neomycin resistance cassette (Fig. L4). One 
ES cell clone that carried the targeted allele was used to 
generate chimeric male animals that passed the mutant allele 
to their offepring. GIRK2 +/- mice were indistinguishable 
from wild-type mice and were inbred to produce GIRK2 - / - 
mice (Fig. IB). No normal GIRK2 mRNA could be detected 
in brains of adult GIRK2 - / -^ mice by RT-PCR analysis, but 
a truncated GIRK2 mRNA was present (Fig. IC). No GIRK2 
inununoreactivity was detectable losing antibodies against ei- 
ther the N terminus or C tertnihus of GIRK2 (Figs. 2A and 3 
A and B; data not shown). We conclude, therefore, that we 
have generated GIRK2 null mice. 

Down-Regulation of GIKKl Protein in GIRK2 Null Mice. 
GIRK2 - /- mice are born at the expected frequency and are 
viable. Given that GIRK2 arid GIRKl have partly overlapping 
temporal and spatial expression patterns and aire known to 
form functional heteromuldmers in vitro (16-18, 25-28) andirt 
vivo (24), we examined the expression of GIRKl and other 
related inward rectifier channels by using affinity-purified 
polyclonal antibodies against GIRKl, IRKl, and GIRK4 in 
Western blot and immunohistochemical studies of GIRK2 
and -/- mice. Immunoblot analysis showed that 
GIRKl levels were reduced in brain membranes of GIRK2 
+ /- mice and nearly undetectable in -/- mice, whereas 
IRKl protein levels remained constant in mice of all three 
genotypes (Fig. ZA), RT-PCR analysis showed that GIRKl, 
GIRK4, and IRKl mRNA were similar in all animals, sug- 
gesting that the down-regulation of GIRKl in GIRK2 -/- 
mice occurred posttransaiptionally (Fig. 2B). Immunohisto- 
chemical analysis showed dramatic reduction of GIRKl im- 
munoreactivity in many brain regions in GIRK2 -/- mice, 
whereas IRKl and GIRK4 immunoreactivities were normal in 
these GIRK2 mutants (Fig. 3 ^ and B; data not shown). The 
extent of reduction in GIRKl varied with the brain regions; 
expression of GIRKl in the cerebral cortex and hippocampus 
was virtually undetectable, whereas in the cerebellum, signif- 
icant amounts of GIRKl remained in the granule cell layer 
(Fig. 3 >1 and B), The reduction of GIRKl protein levels 
throughout the brain suggests that a majority of GIRKl 
proteins in the brain interact with GIRK2, and in the absence 



tase. Each sample started with an equal amount of cDNAs. A 
5 '-truncated mRNA terminating in pgk-neomycin can be detected by 
PCR at reduced levels in +/- and -/- animals. The sequences of the 
oligonucleotide used are available upon request. 
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Fig. 2. (A) Western blots of meitibraiie prepared from QIRK2 +/-, and -/^ mouse brains show that both GIRK2 and GIRKl protein 
levels are reduced in the GIRK2 knockout mice. {B) RT-PCR showing equal mRNA expression of GIRKl in +/+, +/-, and --/- mouse brain. 
No product is amplified by any of the four pairs of primers in the absence of reverse transcriptase (-/- -RT; lane 4), coiifinmng t^t aU^^^ 
were anq^lified from cDNA rather than contaminating genomic DNA. Hypoxanthine phosphoribosyltraosferase 
comparable level of product in all samples, indicating that the same aniount of template is present Aaq>tified prbdUic^ C3IRJav<^ 
and HPRT primeis are of expected sizes. 



of OIRK2, there is a concurrent lo^ of GIRKl subunits that 
normally form heteroinultimers with GIRKl 

Iiffei«nces BHimn the 6jDftK2 Null jPhehotypes and the 
WeaverPhijnd^|^,TheGil^K2-/-- and wv/wv mice shdiwed 
striking ditterenc^ Visual iiispeCtion and hMoJogical examina- 
tion of the brain and other organs of (jIRiC2 animals 
revealed no anomalies. GIRK2 mice esriHlbit^ normal 
cerebellar morphology except for the reduced GIRKl and 
GiEaC2 pt^ism ^ression (Fig. 30 and D). Mcfibrain ddptoi- 
nergic neu^ns d£ld their di^ndrites also appeared Hbrmal despite 
the absence of 6EEtk2 protein (Fig. X), While male wv/wv mice 
are infertile, male GIRK2 -/- mice aire fertile; superovulated 
CD-I mice mated with either GIRK2 -/- males or their 
wild-type littermates produced a comparable number of fertilized 
egg3. The apparent normal phenotype in GIRK2 mice 
provides strong evidence that loss of homomeric GIRK2 channel 
and/or heteromeric GIRK1/GIRK2 channel function is not the 
primary cause of the weaver phenotype. 

The Weaver Gene Dosage Efifect When GIRK2 mice 
were compared with mice carrying one or two copies of the wv 
allele (GIRK2 wv/- and/or wv/wv), we found that both -/- 
and wv/~ mice exhibit normal locomotive behavior, unlike the 
wv/wv mice. In +/+, -/-, and wv/- animals, there was no 
obvious loss of TH-positive neurons or dendrites in the substantia 
nigra pars compacta or in the ventral tegmental area, whereas 
substantial cell loss was evident in the substantia nigra pars 
compacta of the wv/wv midbrain (Fig. 3C). In the substantia nigra 
pars compacta and ventral tegmental area of wv/- mice, GIRK2 
immunoreactivity was present but of lower intensity. In contrast 
to the heterozygous GIRK2 +/- mice, most of the GIRK2 
immunoreactivity in the wv/- mice was foimd in the cell bodies 
of the dopaminergic neurons; the GIRK2 immunoreactivity in 
the dendrites was much reduced (Fig. 3C). The size and gross 
morphology of the cerebellum of wv/- animals are not signifi- 
cantly different from that of the wild-type animals. Histologically, 
thewv/- cerebellum appeared more similar to that of the >w/+ 
(8, 9) than the cerebellum of +/+ or wv/wv mice. The wv/- 
granule cell layer often appeared thinner. The Purkinje cell layer 
was disorganized in various locations, and some of the Purkinje 
cells were found deep in the granule cell layer (Fig. 3D). The 
similarity between wv/- and wv/-\- cerebella and the difference 
between wv/~ and wv/wv cerebella suggest that cerebellar de- 
velopment is sensitive to the dosage of the GIRK2 G156S mutant 
gene. 

Seizure Activities of GIRK2 Null Mice. The GIRK2 -/- 
mice exhibited sporadic seizures characterized by jerking of 



head and body, vocalization, and infrequently progression to a 
tonic-clbnic seizure. Typicaliyj the episodes lasted for 30 sec 
and were followed by complete physical inactivity. All wit- 
nessig^ seizures occurred when somekiind of stress was exerted 
on the animal (changing cages, setting up matings}, and the 
behavior of mice rettifned to normal after the seizure. Seizures 
were never observed before weaning and seemeid to occur at 
eqiial friequendes in young and old mutant mice. Pharmaco- 
logical challenge with the convulsant agent PtZ (29), a 
7-aminobutyric acid antagonist, revealed that GIB|C2 -/- 
mice were hyperexcitable when diallenged with a single injec- 
tion of PTZ (50 mg/kg). At this dose, %% of GIRK2 
mice but only 25% of heterozygous or wild-type littermates 
developed severe stage 3 tonic-clonic seizures frequently as- 
sociated with death (P < 0.004, Mann-Wilcoxon rank sum 
test). The severity of seizure, in the range from 0 to 3, was 
shifted toward increased sevmty in GIRK2 -/- mice as com- 
pared with +/~ and +/+ controls. No statistically significant 
difference was seen between heterozygous and wild-type mice 
(Fig. 44). The time taken to develop seizure activities was 
significantly shorter in GIRK2 mice compared with +/- 
and +/+ animals (P < 0.002, unpaned f-test; Fig. 4B). Seizure 
activity has previously been noted in weaver mice and might be 
due to altered or reduced G protein-activated K"^ diannel func- 
tion (14). Our observation that GIRKl /GIRK2-deficient mice 
are susceptible to spontaneous and pharmacologically induced 
seizures was consistent with numerous studies demonstrating that 
agonists of G protein-coupled receptors, such as receptors for 
opioid peptides, somatostatin, and dopamine, can have significant 
effects on seizure thresholds in several different experimental 
seizure model systems (30). 

In conclusion, we show that GIRK2-deficient mice have 
greatly reduced GIRKl protein levels in the brain, suggesting 
that the majority of GIRKl proteins in the brain associate with 
GIRK2. Phenotypic characteristics of GIRK2 -/-, wv/-, 
wv/-\-, and wv/wv mice suggest that gain-of-f unction and gene 
dosage mechanisms are responsible for the developmental 
defects in weaver mutants. Moreover, loss of GIRK2 function 
results in sporadic seizures and increased susceptibility to a 
convulsant agent, implicating GIRKl and GIRK2 in the 
control of neural excitability in vivo. 

We thank Paul Slesinger for his suggestions and discussions through- 
out the course of this work. We also thank Jan L. Breslow, James E. 
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transgenic feciUty for their support. The research was supported by the 
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Fig. 3. (A) Coronal sections of brain from GIRK2 +/ + and mouse brains stained with antibodies against the N terminus of GIRK2, the 
N terminus of GIRKl, and the C terminus of IRKl show that there is no detectable GIRK2 and dramatically reduced GIRKl immunoreactivity 
in the GIRK2 -/- mice. The IRKl staining patterns are the same for these mice. CTX, cerebral cortex; HP, hippocampus; Th, thalamus. (Bar = 
10 mm.) (B) Sagittal views of cerebella from GIRK2 +/ + and -/- mice stained with the antibodies described in^. Although there is no detectable 
GIRK2 protein in the -/- mice, there is still significant GIRKl staining, whereas the level of IRKl expression appears to be the same, g, granule 
cell layer; m, molecular layer. (Bar = 20 mm.) (C) Coronal sections of ventral midbrain from +/+, -/-, wv/-, and wv/wv mice are stained with 
antibodies against TH and the N terminus of GIRK2. The TH staining of +/+, -/-, and wv/- midbrain appears similar, whereas there are fewer 
TH-positive neurons in the substantia nigra pars compacta (SNc) of the wv/wv midbrain. GIRK2 immunoreactivity is absent in the midbrain 
but can still be found in the wv/- and wv/wv mice, although the dendritic staining is dramaticaUy reduced. SNr, substantia nigra pars reticulata; 
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Fig. 4. Susceptibility of GIRK2 -deficient mice to PTZ-induced 
seizures. (A) Response of mice receiving one injection of 50 mg/kg 
PTZ i.p. (0, no response; 1, isolated twitches; 2, tonic-clonic convul- 
sions; 3, tonic extension and/or death). GIRK2 -/- mice (« = 16) 
tend to progress to more severe stages than +/+ or +/- mice (n = 
13 and 12, respectively; P < 0.004, Mann-Whitney U-WUcoxon rank 
sum test). No statistically significant difference was observed between 
+/+ and +/- animals. (B) Seizure latent^. The PTZ seizure latency 
was defined as the time elapsed from PTZ injection to the first obvious 
sign of tonic-clonic convulsion or tonic extension. The latency to 
seizures was shorter for the -/- mice (*, P < 0.002, unpaired test). 
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VTA, ventral tegmental area. (Bar - 1 mm.) (D) High magnification views of parasagittal cerebellar sections from +/+, -/-, w/-, and kv/iw 
mice. The sections are counterstained with toluidine blue or stained with antibody against the C terminus of IRKI, which stains the cell body and 
dendrites of the Purkinje cells as well as the dendrites in tlie granule cell layer. The wv/- cerebeUum is mostly wild-type in appearance except for 
regions with a Purkinje cell layer more disorganized and broader than that in GTRK2 +/+ and -/- mice. Some Purkinje cells and their dendrites 
can be found m the granule cell layer of wv/ - mice. In the wv/wv cerebellum, there is no granule ceU layer, and the Purkinje ceUs with disorganized 
dendrites are scattered tliroughout the cerebellum, m, molecular layer; p, Purkinje cell layer; g, granule cell layer; p/g, cell layer where both Purkinje 
cells and granule cells are found; m/p, cell layer where molecular layer and Purkinje cell layers collapse into one in the absence of cranule cell 
layer; wm, white matter. (Bar = 0,2 mm.) 
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Advances in biotechnology over the last ten years have made 
it possible for the researcher to alter gene expression in vivo in 
many diverse ways (1). With the establishment of embryonic 
stem (ES)* cell technology (2), more subtle and precise alter- 
ations can now be achieved than were previously possible us- 
ing microinjection techniques. However, to date germline 
transmission has only been achieved with mouse ES cells, and 
microinjection continues to be the method most widely used 
for other species. While the mouse has a number of advan- 
tages, not least the depth of our knowledge of its genetics, 
other species are being increasingly used for transgenic studies 
due to their greater suitability for addressing specific ques- 
tions. We will briefly review the application of transgenic tech- 
nology to nonmurine species as it stands at present, with par- 
ticular emphasis on developments appertaining to biomedical 
research. 

Transgenesis by pronuclear injection 

A number of significant limitations regarding the application 
of pronuclear injection to nonmurine animals have been iden- 
tiQed (3), not least being the time and cost. Such limitations 
are due to longer gestation and generation times, reduced lit- 
ter sizes, and higher maintenance costs. Further consideration 
must be given to the large numbers of fertilized eggs (and 
hence donor animals) required for microinjection, the high 
cost of carrying nontransgenic offspring to term, and the rela- 
tively low efficiency of gene integration. Such limitations are 
particularly severe for the production of bovine transgenics 
and, as a consequence, more significant departures from the 
standard procedures used for the mouse have been adopted 
for this species (4). For example, the use of in vitro embryo 
production in combination with gene transfer technology has 
played a large role in the development of transgenic cattle. 
The development of microinjected embryos through to the 
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morula/blastocyst stage in recipient rabbits or sheep, enables 
sexing, transgene screening, and cloning to take place before 
reintroduction into the natural host, providing that such 
screening methods are robust and reliable. 

The major problem regarding pronuclear microinjection is 
that the exogenous DNA integrates randomly into chromo- 
somal DNA. Position effects, where the transgene is influ- 
enced by its site of integration in the host chromosome (5), can 
have major consequences on the expression of the transgene, 
including loss of cell specificity, inappropriately high copy 
number-independent expression and complete silencing of the 
transgene. This is of greater concern in nonmurine transgene- 
sis where the investment is higher. Position-independent, copy 
number-related expression can be achieved using sequences 
such as the locus control regions identified upstream of the 
P-globin gene cluster and downstream of the CD2 gene (6, 7), 
the A elements which flank the chicken lysozyme gene (8), and 
matrix attachment regions (9). Such elements have been 
shown to function across species barriers, and their incorpora- 
tion into gene constructs can overcome position effects and im- 
prove expression of heterologous genes within specific cell 
types (5). In many cases, simply including large amounts of 
flanking sequences may be sufficient to overcome position ef- 
fects and direct expression to specific tissues. To this end, the 
development and use of PI (10), bacterial artificial chromo- 
some (BAG) (11) and yeast artificial chromosome (YAC) vec- 
tors (12) for cloning of large segments of DNA, should greatly 
improve the chances of including important regulatory ele- 
ments, including those involved in chromatin stmcture, within 
the transgene construct. 

Embryonic stem cell technology 

With the development of ES cell technology in the mouse (2). 
genetic manipulations can be performed in cell culture using 
appropriate selection strategies to permit the directed integra- 
tion of the transgene to a specific region of the chromosome 
via homologous recombination. With the advent of homolo- 
gous recombination, the researcher is able to insertionally in- 
activate, replace, or introduce subtle alterations to the endoge- 
nous gene of interest. Once the intended genetic change has 
been verified, the appropriate ES cells are introduced into 
blastocysts by microinjection, and, during subsequent gesta- 
tion, may contribute to the developing embryo. If such a con- 
tribution is made, then by definition the resulting animal 
would be chimeric, being derived in part from the ES cells 
originating in culture. Assuming that the chimerism extends to 
the germline, then an appropriate breeding strategy will lead 
to the recovery of nonchimeric heterozygotes and, if viable, 
mice which are homozygous for the genetic change. 

Most attempts to isolate and culture inner cell mass (ICM) 
cells from other species are based on the methods used for the 
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mouse. ES cells are maintained in culture in the presence of 
mouse-derived differentiation-inhibiting agents, provided ei- 
ther as a media supplement or through cocultivation in the 
presence of feeder cells. It has been suggested that these 
mouse-denved agents do not adequately prevent differentia- 
tion of stem cells in species other than the mouse, and pluripo- 
tent rat ES cells, capable of producing chimeras, were found to 
grow best on primary rat embryonic fibroblasts, as the feeder 
layer (13). Freshly isolated cells rom ICMs have been injected 
into blastocysts to produce chimeric offspring in both sheep 
and cattle (14), and their totipotency at this stage is further 
demonstrated by their ability to produce offspring after trans- 
fer into enucleated oocytes (15). Such nuclear transfer tech- 
niques are potentially very useful for the production of clonal 
offspring and would avoid the initial chimeric generation ne- 
cessitated by the injection of ES cells into blastocysts. Re- 
cently, bovine-specific culture methods have shown promise 
with cells of up to 27 d of age maintaining their ability to direct 
normal calf development following nuclear transfer (16). How- 
ever, at the present time the reliable generation of bovine ES 
cell lines requires the pooling of ICMs from several blastocysts 
and further efforts are required to enable the long-term cul- 
ture of clonal bovine ES cells. Although to date chimeric ani- ' 
mals have been generated from several species including the 
pig (17). in no species other than the mouse has gennline 
transmission of an ES cell been successfully demonstrated. 
This remains a major goal for the future and may well require 
the use of novel strategies which depart widely from the tradi- 
tional methods used in the mouse. 

Nonmurine species in biomedical research 
Selected physiological questions may be more conveniently 
modelled in the rat or in larger species. Not only can physical 
size be an advantage for biochemical sampling and physiologi- 
cal analyses, but certain genes may provide useful information 
when introduced into, for example, the rat genome when par- 
allel experiments in the mouse would be ineffective. Examples 
include the modulation of blood pressure by the mouse Ren-2 
gene (18) and the modeling of inflammatory disease (19). In 
both cases, but for different reasons, no phenotype was ob- 
served in the respective transgenic, mice, highlighting one of 
the advantages of having alternative species for understanding 
physiological mechanisms and the etiology of disease. More 
recently, a number of transgenic experiments have been un- 
dertaken to investigate lipoprotein metabolism. The human 
apolipoprotein A-1 gene was. successfully expressed in the rat 
(20), resulting in increased serum HDL cholesterol concentra- 
tions, and attempts to therapeuticklly lower apo BlOO, and 
hence LDL and lipoprotein(a) concentrations, in the rabbit 
were successful (21) but resulted in complications. Although 
the targeted expression of the apo B-editing protein in the 
liver of the transgenic rabbits resulted in reduced LDL and li- 
poprotein(a) concentrations as intended, many of the animals 
developed liver dysplasia, suggesting that high level expression 
of the editing protein had unforeseen and detrimental side ef- 
fects, possibly via the editing of other important mRNAs.The 
rabbit has also been used in HIV-1 research, with the develop- 
ment of a line expressing the human CD4 protein on T lym- 
phocytes (22). Susceptibility to HIV infection was demon- 
strated, and although the rabbits are less sensitive to infection 
than humans, they may represent an inexpensive alternative to 
primates for many studies. 



Gene transfer in farm animals was initially aimed towards 
improving production efficiency, carcass quality (23), and dis- 
ease resistance of livestock. However, it has been suggested 
that the simple over-expression of hormones such as growth 
hormone may have unacceptable side effects. Recently some 
elegant studies of growth using transgenic rats have been per- 
formed and are likely to yield valuable information on the bio- 
chemistry and physiology of growth (24, 25). A more success- 
ful application of transgenesis in farm animals has been the 
production of biomedically important proteins. The two most 
popular methods have been to direct expression to hematopoi- 
etic cells or to the lactattng mammary gland. In the former 
case, transgenic swine expressing high levels of human hemo- 
globin were generated using the locus control region from the 
P-globin gene cluster to overcome positional effects and direct 
expression to the hematopoietic cells (26). However, due to its 
natural ability to synthesize and secrete large amounts of pro- 
tein, the mammary gland has become the primary focus for the 
expression of heterologous proteins in large mammals. Trans- 
gene expression has been successfully direaed to the mam- 
mary gland using promoter sequences from milk protein genes 
such as those encoding ovine p-lactoglobulin (BLG), goat 
p-casein, and murine whey acidic protein. The BLG promoter 
was used to direct expression of human a, -antitrypsin in lines 
of transgenic mice and sheep (27). Interestingly, a wide varia- 
tion in expression was observed between mouse lines, and 
from one lactation to another within a single line. In sheep 
however, similar high levels of heterologous protein were ex- 
pressed in milk over consecutive lactations and over several 
generations in a given transgenic line, allowing the viable de- 
velopment of a flock of transgenic sheep. In separate studies 
high levels of expression of human tissue plasminogen activa- 
tor were obtained in goat*s milk under the control of the goat 
P-casein promoter (28). The development of suitable purifica- 
tion methods and the use of transgenically produced proteins 
in clinical trials are well advanced, and, if successful, will have 
important implications for the production of human proteins 
in transgenic livestock. Poor expression of the ovine promoter 
in the mpuse may reflect species differences in recognizing het- 
erologous versus homologous promoters and raises questioiB 
concerning the predictive value of mouse models. At best 
therefore the generation of transgenic mice may, in certain 
cases, only be a guide to the potential success of a transgenc 
construct in another species. 

Gene transfer could equally be used to enhance the quality 
and suitability of milk derived from domesticated animals as a 
food for human consumption. Human milk is devoid of p-lac- 
toglobulin, which is responsible for most of the allergies to 
cows' milk, and has a relatively high content pf lactoferrin, 
which is important in iron transport and combating bacterial 
infections. One could envisage in the future the reduction of 
saturated fat content in cows^ milk and the knock-out of un- 
wanted proteins or their replacement with other more useful 
components. Through the manipulation of milk constituents it 
should be possible to more closely emulate the desirable com- 
ponents of human milk. The alteration of milk composition 
would appear to be a practical possibility given that milk mi- 
celles are remarkably tolerant to changes in composition, as 
demonstrated by the knock-out of the mouse p-casein gene 
(29). Ethical concerns regarding the generation of transgenic 
animals, which have been engineered specifically for pharma- 
ceutical, medical, or nutritional reasons, lie outside the scope 
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of this overview, however it must be clearly ascertained that 
expression of a transgene does not compromise the animal. 

Xenograft organs for transplantation surgery 
The shortage of human organs for transplantation has raised 
interest in the possibility of xenotransplantation, i.e. the use of 
animal organs (30). However, the major barrier to successful 
xenogeneic organ transplantation is the phenomenon of com- 
plement-mediated hyperacute rejection (HAR), brought 
about by high levels of circulating natural antibodies that rec- 
ognize carbohydrate determinants on the surface of xenoge- 
neic cells. After transplantation- of the donor organ, a massive 
inflammatory response ensues through activation of the classi- 
cal complement cascade. This leads to activation and destruc- 
tion of the vascular endothelial cells and, ultimately, the donor 
organ. The membrane-associated complement inhibitors, en- 
dogenous to the donor organ, are species restricted and thus 
confer only limited resistance. The complement cascade is reg- 
ulated at specific points by proteins such as decay accelerating 
factor (DAF), membrane cofactor protein, and CD59. These 
regulators of complement activation are species specific. The 
initial strategy used to address HAR in porcine-to-primate xe- 
notransplantation was to produce transgenic pigs expressing 
high levels of the human terminal complement inhibitor, 
hCD59. This was shown to protect the xenogeneic cells from 
human complement-mediated lysis in vitro (31). More re- 
cently, organ transplantation has been achieved using donor 
pigs which expressed human DAF on their endothelium (32), 
or both DAF and CD59 on erythrocytes, such that the proteins 
translocated to the cell membranes of endothelial cells (33). 
After transplantation, the pig hearts survived in recipient ba- 
boons for prolonged periods without rejection (33). Clearly, 
such genetic manipulations are bringing xenotransplantation 
ever closer to reality. If the isolation of suitable ES cells and 
application of homologous recombination becomes a reality in 
the pig, it may be possible to knockout the antigenic determi- 
nants to which antispecies antibodies bind, as a further strat- 
egy for eliminating HAR. 

Summary 

The use of nonmurine species for transgenesis will continue to 
reflect the suitability of a particular species for the specific 
questions being addressed, bearing in mind that a given con- 
struct may react very differently from one species to another. 
The application of transgenesis innhe pig should produce ma- 
jor advances in the fields of transfusioi\ and transplantation 
technology, while alterations in the composition of milk in a 
range of domesticated animals will have major effects on the 
production of pharmacologically important proteins and could 
eventually lead to the development of human milk substitutes. 
Despite the lack of germline transmission to date, major ef- 
forts continue to be directed towards the generation and use of 
ES cells from nonmurine species, using both traditional and 
new technologies, and the availability of such cells is likely to 
accelerate both the use of such species and the precision with 
which genetic changes can be introduced. 
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ABSTRACT ^ 

The notion of directly introducing- new genes or otherwise directly manipulating the 
genotype of an animal is conceptually straightforward and appoalmp because of the 
speed and precision with which phenotypic changes could be made. Thus, it is of 
httle wonder that the imagination of many an animal scientist has been captivated 
by the success others have achieved by introducing foreign penes into mice. The 
private sector has embraced t.an.-^jnic livestock technuiog> lesuiLiug in the 
formation of two new industries. However, before transgenic farm animals become 
a common component of the livestock production industry*, a number of formidable 
hurdles must be overcome. In this brief communication, the technical challenges 
are enumerated and possible solutions are discussed. 

Keywords: transgenic Uvestock, gene transfer, microinjection 



INTRODICTION 

The definition of transgenic animals i.s evolving. For the purposc of this paper 
a transgenic animal is one containing recombinant DNA molecules in its genome 
that were introduced by intentional human intervention. In this i\ view I will focus 
on animals in which transgenes were introduced into preimplantation embryos by 
pronuclear microinjection, with the intended consequence of producing germline 
transgenics as opposed to somatic cell transgenics. Though there are other means of 
introducing genes into preimplantation embryos (20,29), pronTiclcar microinjection, 
basically as originally described by Jon Gordon (25), and as modified for live^jtock in 
oiir labTiratory=(65). is still the predominant method employed. 
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WHY MAKE TRANSGENIC ANIMALS? 



A Medline search reveals that over 6.00J scientific articles have been 
pubUshed in which transgenic animals (mostly mice) were used to answer basic 
research questions. By contrast 289 papers dealt with transgenic livestock of which 
24% were reviews. The limited publication record for transgenic livestock species 
reflects the high costs and technical difficulties associated with producing 
transgenic livestock more than lack of applicabauy of this technology to farm 
animals. A number of well defined goals have been enumerated in the numerous 
review articles written by animal scientists. Not surprisingly, many of the proposed 
applications closely parallel the long term objectives of animal agriculture. 

In theory, transgenic technology provides a mechanism by which 
economicaUy important traits can be attained more rapidly than by selective 
breeding without concern of propagating associated, possibly undesirable genetic 
characteristics. If genetic precision and speed of improvement ^^^-^ <:he only 
advantages of transgenic technology, use of that methodology might be ^^^^i-^^^ 
justifj' Thnt is becn-^^ current cost of producing t-ansgenic animals are high and 
understanding of the appropriate genetic manipulati ms required to influeocG 
economically important traits is limited. However, transgenic technology of^>rs 
much more. Genes can be transferred across species boundaries and can be modified 
to function very differently than they do in their native form (gene products, tissue 
specificity, and timing of expression can be altered). The ability to redirect 
expression of genes to another organ has spawned the transgenic bioreactor 
industry. For the most part, transgenic bioreactors are farm animals designed to 
produce new proteins in their milk or other body fluids. It is envisioned that this 
approach will have application m both food production and the biomedical arena. 
Modifying the composition of milk through genetic engineering is the topic ol Ur. 
Bremel s paper in these proceedings and will not be dealt with here. 

Transgenic Livestock Projects 

For the sake of brevity, only a very brief summary of the 37 gene constructs 
that have been tested in livestock will be reported here. The reader is referred to 
two excellent revie.vs that list those constructs and their consequences (.l(i^3).. 

TheTra^fene. - = *^ - . r 

The power of transgenic technology is derived from the introduction ot 
genetic information with new functionahty. The strategy for building a transgene 
(fusion gene) involves selecting a genetic regulatory element (often called 
promoters, but usually containing both an enhancer element and a promoter) that 
will determine the'SS^e fri Which the gene is-to be expressed and the time and 
magnitude of expression. In some cases, the regulatory element can act as a switch, 
allowing the transgene to be turned on and off at will. The second part of the gene 
construct consists of DNA sequence encoding the desired protein (often referred to 
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as the structural component of the transgene). Tor example, in the first transgenic 
hvestock experiment (28) we wanted to .ncrease the levels of circulating growth 
hormone in a controlled manner. The gene construct used to accomplish this 
consisted of the regulatory element of a metallothionein (MT) gene fused to the 
coding sequence for growth hormone (GH). Metallothionein is an inducible liver 
enzyme, and its gene is usually quiescent (turned off) until a threshold level of 
circulating zinc or cadmium triggers transcription. Therefore, it was expected that 
the MT-GH fusion gene would be silent until the animals were fed zinc. In those 
experiments GH expression could be inducted but. in most cases, the transgen^^ 
could not be turned off completely. New more complex inducible approaches are nosfl^ 
beLig tested (23,26). These new systems rely on tetracychne or its analogs to 
activate or repress transgene expression. It is too early to know if these strategies, 
in their current form, will be more tightly regulated then the MT system. However, 
if they are not. the general paradigm on which the new systems are based will 
probably lead to improved inducible systems 

. . :.lied T^cti*j»genic Projects. 

The vast majority of original research reports have focused on growth 
enhancement. Growth hormone (GH) was the structural gene employed ir 13 of 
those publications and the gene for growth hormone releasing factor in four. Other 
structural genes tested include IGF-1. cSKI and an estrogen receptor. The 
regulatory elements derived from MT genes, from various species, were most 
frequently used appearing in nine of the growth-related fusion genes. Long 
terminal repeats (LTR) from two retroviruses. ML\' and RSV. and sequence from 
CMY. a DNA virus, served as regulatory components of transgenes. as have the 
promoters from albumin. prolactin. skeletal actin. transferrin and 
phosphoenolpyruvate carboxykmase (PEPCK) genes. AH but two uf 11 growth 
constructs were tested in pigs and the most striking phenotypes resulted from the 
use of MT-GH fusion genes (53). 

Seven transgenes designed to enhance disease resistance and to produce 
immunologically-related molecules have been introduced into pigs and sheep 
(5,13,41.67). Though desirable^expression patterns have been reported in-several of 
the projects, none of the studies has progressed to the point of demonstrating a 
bei^ficia| effect of transgene products. - : - 

Very recently it has been reported that transgenic sheep with enhanced wool 
production characteristics have been produced (9). The results are quite promising; 
if no. unforeseen anomalies occur, transgen^cally produced wool maybe the first 
marketed livestock-product. 

Biomedical Transgenic Projects. 

Other proposed transgenic farm animal applications are decidedly non- 
agricultural in nature. One of the first transgenic animal companies demonstrated 
the feasibility of producing new animal products by manufactunnsi human 
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hemoglobin in pigs, to serve as a |)rincipa{ component of a human blood subsuiuio 
(59). Human antibodies have also been produced in transgenic mice (G2). Another 
area where transgenic animals, especially pigs, will have a significant impact on 
society will be m the development of human genetic disease models. To date, genetic 
disease models have been generated in mice for atherosclerosis (6), sickle cell 
anemia (18). Alzheimer's disease (21), autoimmune diseases (44). lymphopoiesis 
(33), dermititis (55), and prostate cancer (61). These models for the most part 
require "knocking out" the function of a gene or replacing an existing gene with a 
mutant form. Many of these models will have to be replicated in farm animals to be 
useful. Unfortunately, the stem cell technology required to generate most of the 
disease models is still in development for livestock (51). 

Finally, a new use not reported in the above mentioned reviews deserve.^ 
note. The objective of this new endeavor is to genetically engineer animals, 
primarily pigs, so that their organs can be used as xenografts for humans 
Preliminary studies to test the concept have been performed in mice (40.42) and 
transgenic pigs have now been produced (19,54). Though several strategies are 
being explored, the geneial approach has been to block activation of complomeni . 
which iry normally part of the acute transplantaiio i rejection response. These 
organs are intended for temporary use. until an appropriate human organ becomes 
available. However, as the technology develops, a driving force will be the design of 
transgenic organs for extended use or permanent transplantation. 

Characteristics of transgenic animals 

^r^nsgeniG livestock project^;^^are costly^ primarily because th^. process i> 
4i[iqfCcient. Production costs range from $25,000 for a single founder pig to over 
$560,000 for a single functional founder calf (64). The calculation for cattle wn^ 
based on obtaining zygotes by superovulation of embryo donors, the normal pravjiu - 
for all mammalian species. However, the costs are reduced by as much as a third U 
oocytes derived from ovaries collected at slaughter are the starting material The 
remainder of this review will be devoted to characterizing the transgenic animal 
Tiodel, to identify points m the process that reduce efTiciency, and finally discu.ssinj: 
possible approaches that have been proposed to overcome major hurdles to progics,-;. 

Transgene Integration. 

Svenahpugh several hqndred copies of a transgene are microinjected. aiv' 
transgene that becomes incorporated in^o the genome generally does so at a single 
location. Exceptions are rare (58). Thus, transgenic founder animals are hemizygous 
for transgenes. It is also common for a transgene locus to contain multiple copies of 
the transgener arranged in a head-to-tail array. These two characteristic^ of 
transgene loci should-jw^jvide clues to the me£])anism by which transu'enc^ 
integrate. So far. few researchers have formulated compelling hypotheses to explain 
the event (2.47) and the hypotheses that have been proposed remain unie^ted 
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Without knowledge of the molecular mechanism u is going (o be extremely difficult 
to devise approaches to make tr|ipsgene integration more efficient. 

Transgene integration efficiency is low and ranges from about 1% in farm 
animals (cattle, sheep and pigs) to about 3% in laboratory animals (mice, rabbits 
and rats, Table 1). 



Table 1. Examples of embryo survival and transgene integration efficiencies from 
several laboratories. 
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Offspring 


transferred 






(No.) 


(No.) 


(No.) 


(%) 


(%) 


Refs. 


Mice 


12,314 


18 


1847 


17.3 


2.G 


(63) . 


Rabbits 


1.907 


1 


218 


12.8 


1.5 


(28) 


Rat 


1,403 


5 


353 


17.6 


4.4 


(45) 


Cattle^ 


1.018 


7 


193 


3.6 


0.7 


(30) 


Pigs 


19.397 


20 


1920 


9.2 


0.9 


(53) 


Sheep 


5,424 


10 


556 


8.3 


0.9 


(53) 



• Number of experiments, which in most cases was equivalent to number of different uenc constructs 
tested. 

The value for cattle includes both fetuses and live born calves, 
f Eleven thousand two hundred and eggs were micro injected and cultured One thousand and 
eighteen developed to morula or blastocysts and were transferred into recipient cow? 



imi^^M. 

Even after the one m 33 to one in 150 injected and transferred eggs results in 
a transgenic a nimal the efficiency of^th^^^ by failure of 

tHl^ti-arisgifi^ t^^^^ ^||pt^6S9^^ (t^^nsctibed)"ffi%fi _ 

about half of tlfans^^^ though some spocific transgenes are expressed in a 

mgher proportions (15 "^7). If a founder expresses its transgene, so do its transgenic 
-gffsj^ing. Jt isjiot.clear.why some transgenfes :ire expressed in all lines aiid-others" 
m only half the Hnes. Transgenes are sometimes activated in unmtended tissues 
(ectopic expression), and timing of expression can be shifted relative to 
development. Our lackof u nderstandi ng of essential genetic control eje ments makes 
it diffitnlt to design ..isgenes with piedictable behavior. The abbarenFexpression 
^patterns (no.^xpwssTOW'^Or^Wfolig^ in some linese of transgenic 

animals has been attributed to the so-called-^'position effect." If a transgene lands 
near highly active genes, the transgenes behavior maybe influenced hy endogenous 
genes. Other transgenes may locate in transcriptionally inactive (heterochromatin) 
regions. The transgene mjiy function normally or be completely silenced hy the 
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hoLcM-ochromiUMi. It is hkoly that boih of these factors (posuion effect atidl 
unidontificd control clomonts) contribute to lack of transpone expression in some 
lines and variable expression mother linos. Some of these problems will bo obviated! 
by use of "boundary" DNA sequences that block the influence of surrounding genes] 
(34,43). Refining transgenic technology for farm animals will remain a challengingj 
task in part because experimentation will often have to be conducted in the species] 
of interest. That is because transgene expression and the physiological 
conseq ue nce s of transgene products m livest ock are not al ways accurat ely predicted \ 
UauBgfenle mouse studies 1 28.48): " 

Transgene transmission. 

Because founder animals are usually single integrant hemizygous for the ] 
transgenp. one would expect 50% of their offspring to inherit a copy of the transgene 
locus. This is true for about 70% of transgenic founder mice (49). The remaining 
founders either do not transmit transgenes to their offspring or transmit transgenes I 
at a low frequency (52.53). It is commonly thought that the non-Mendelian ] 
inheritance is the result of transgene mocasicism in germ cells. This could be caused ] 
by late integration of transgenes during embryonic development (6C) It has been 1 
proposed that non-Mendelian inheritance patten. s can also be caused by diminished 1 
fertilizing ability of transgene bearing sperm (17). The latter explanation may be a ' 
specia! case, because the thymidine kinase gene used m that studv was 
inadvertently expressed in testes. 

Potential SOLUTIONS for iMPRovaNo efficiency 

Testing Transgenes. 

Because the "rules" for transgene design are still vague, it is important to 
have a reliable .system for testing gene constructs. The most cost effective method of 
. characterizing the performance of a transgene is cell culture transfoction studies. 
Unfortunately, such studies have a lou predictive value (50). The next most cost 
effective method for testing gene constructs is production of transgenic mice, which 
as mentioned above do not faithfully predict a transgenes performance in livestock 
species. Nevertheless, a reasonable amount of useful information about transgene 
function can be derived from transgenic mouse studies. Currently, the only 
approach t hat yields truly informative data is testing transgenes in a>e Ir^e stock 
species o f interest. This is obviously an unsatisfactory*, time consuming, expensive 
testing^ption. Ooe aJternative approach that we are exploring is based on the fact 
that transgenes will function after being "shot" into som'atic tissue. We have been 
focusing our efforts on the mammary gland, but almost any target organ should be 
amenable to this approach. We have recently demonstrated that both RNA and 
piotein can be detected following introduction of transgenes into sheep mammary 
tissue, in sttu (22;<5^-Once We confirm that "t^ne- gunned" transgenes function as 
they do m transgenic animals, this approach should dramatically reduce the costs 
and time of evaluating gene constructs 
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Im|>rovIn^ I n(('i:r.ii u)ii I''r»MjU('ni\\- 

From Table 1 it is clear t.hai int(.'ma( loii rales are l<>wcr for livesicx-k species 
than for laboraioiN' animals. Egys uf iivosiock species are more diHicull lo 
microinject than egps ofiaboratory animals. However, competent micn)in)f'rr(»rs ran 
rehably inflate pronuclei with DNA-coniaiiiinj,' solutions. I'^urlhcrniore. iiUe'^'raUfMi 
problem occurs after the transgene is deposited. But timing of microinjection may 
contribute to differences in integration e/ficiency. It is thought ihal iransgfoc 
integration occurs during DNA replication (2), so it would be advantajjeous to 
microinject before or durinf? earl>' S-phase piocedinp the first mitotic division Pnr 
the most part that is when laboratorN- animal e^g.s .are microinjpcicfi. but 
microinjections are apparently performed during late S-phase or later in livestock 
species (for a full discussion see (63)). Efforts to inject in vitro fertilized l)Ovine 
zygotes earU* have failed because of difficulties m visualizing pronuclei (K Hondioli. 
personal communication and unpublished data). Efforts to ^.\ iu:hruni/o 
microinjection and S-phase in bovine z\gotes have thus far not been fruitful fi l) 
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One way to insure that 'he transKcnc r in place before the fitsi mitcnic S- 
phase IS to introduce the transpenc at fertilization That could he a/ hiovofl ^^\■ 
sperm-mediated t^^Mie transfer i-r38). Notwithstanding; the cont:rf)\ or-\ tins 
approach has (generated f8). it clearly represents an intriguing method (hat '.ht)w>. 
some promise r">7). Accumulating evidence <u ^gests that sperm of si>\cr:il ^p{-.M. 
can bind transgi,'ncs ( 11. 32.3!). (JH) and cutv the genes nit.o oocytes wIum" m mu>i.- 
cases the gene persi.-ts (4.12.31). Howcvr.r it appears that in almosi .ill , 1 hi- 

transgene DN'A bi-cnmes rearranged or niherwise mutated by the proce-- <• ,n;j.i,, 
Spadafora. p<'i.-,<nial communication) .Anoilier putentiiil sperm -ha.-iMi .j. ! i\-,.r\ 
approach has been foretold bv a pioneennt: study conducted by Kalj^h Brin.-i- r Ti 
In that <iu.i\ i l a nspianted >permafoL'fini.il <'ells i^enerated -^p'^rni . .ip ih!" A' 
fertihzinfcr oocyte- and off^prinu wei-i- [M(uliu:ed. If a means is tVaind r-i ■ ulrui" 
transfect ami .-rteet spermatairnnia with transgenes. Bruister < ir.in.-piaiw.in-.n 
scheme could he used to pr(.)duce ( i ,in>i:«Min' animals. Others Ivivr- propios^'d \\v* « il\- 
transfecting tester as .i means of i ran.-lorminti .-=perm (oti). 

Retroviral-mediated Kene transfer is al.-^o a potentially alternative .aj^^jMM.jr.ii 
for introducing transgenes into einbryos with high efficiency (2!>.3i)) Tliouizh the 
techniq.ue ^^ojves the low jntecration frequency problem, it -<:reates other 
inefficiencies by generating mosaic loundi. r> that ma>' not transmit thcMr tran-iif-ne 
Furthermore retro\ iruse'- can cari v ontv a limited amount of exogenous DN'A and 
therefore the technique limits the si/,C' of transgenes. If cDNA based tran<uehe<. 
which are rehtively short, were efficiently expressed, the transtiene size re-t rici i'mi 
would not 111'. a >iLMXifie±Hi4-^.Hf)Wem -H-nvf-Kn-. -ma n\:.iCnNA based uene con.-iru' ai.- 
poorly expressed in transi^enic animal> (ti(l) 
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technology to animal agriculture. There ,s a .ser.ou.s nooH (o transfer transgon c 
animal technology rom a few practitioners to many more laboratories worldwide 
Progress in the field will be limited as long as the capnhiht.es to explore this 
potentially powerful tool ,s only m the hands of a few. To entice other scientists 
the efficiency of producing transgenic farm animals w,ll have to be improved But 
the hon^on looks bright. Many recently trained animal scientists are now equipped 
mth the knowledge and technical skills needed to advance thi.. technology 
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Abstract 

Since its first description in 1981 (1), transgenic technology has greatly influenced the focus 
and direction pace of biomedical research. Introduction of foreign DNA into the genome of 
animals by microinjection into fertilized oocytes is now used in almost every field of research 
spanning from oncology, immunology and neurology to cardiovascular medicine. The ability 
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to integrate genes in the germline and their sucoessfUi expression in the host provides an 
opportunity to study the role of a certain gene in the initatlon and propagation of disease. 
Transgenic methodology serves as the link between molecular biology» introducing in vitro a 
defined genetic modification and whole animal physiology, with the resulting in vivo 
alteration of body function. This potential has been exploited to study the pathophysiological 
role of human genes. Transgenic animals have been used to study aspects of tumor 
development^ immune regulation, cardiovascular development and atherosclerosis, lliese 
studies have provided new insights into the genetic origin of certain diseases and have 
improved our understanding of pathological processes on the cellular level As a future goal> 
these studies may also serve the development of new diagnostic tools or novel therapeutic 
strategies such as gene therapy . 

Introduction 

Our understanding of body function in health and disease has been advanced in the past 
primarily by the use of animal models for human disease. However, to establish a relationship 
between the regulation of a certain gene and a complex disease process has been difTiouh. The 
expression of a foreign gene creates a defined genetic defect, which allows to closely correlate 
tlie effect of this gene to a physiological trait. 

Studies on the regulation of gene expression and gene function in humans are strongly limited 
due to ethical reasons. Expression of human transgenes in animals therefore is an elegant way 
to obviate these difficuhies. Experiments using transgenic animals can be divided into four 
categories: 1) Studies on gene regulation: which include tlie expression of only the regulatory 
elements of a gene such as the promoter regio.n in transgcuic animalSi The promoter region of 
a gene is connected to a reporter gene which is easilty detectable. Such studies using the 
promoter region are of use in the analysis the regulatory elements for tissue-specific 
expression and identification of cis-acting factors controlling gene transcription, 2) 
Investigation of the function of a gene product: Here, the gene of interest is under control of 
either the natural homologous promoter or a heterologous one which directs expression to 
specific cells and tissues. Additionally, mutants of the gene of interest may be introduced for 
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analysis of specifio blochfimical properties. 3) in vivo immortalizatioa of cells: this is 
accomplished e.g. by jfUsioot of a gene promoter region to a SV 40 large T antigen. The 
immortalized cell lines are then isolated for in vitro analysis. Finally 4) expression of proteins 
hi mammary gland tissue in order to obtain large qiiantities of secretbiy protein within: the 
milk. 

TVansgenic technology was originally developed in the mouse and, theiefi}re» most txadsgedc 
studies are performed in this species. Hie mouse model pxxmdes serveral advantages such as 
comparatively numerous o£6pring with short generation times and well-known genetics. For 
spccifc research questions, however> other species have been used such as rat, sheep, rabbit, 
goat and zebinifish (2-S). In cardiovascular research rats have been the animals of choice to 
study cardiovascular function. They are suitable for pharmacological tests and have provided 
animal models for hypertension, cardiac and renal disease. 

The most widely used technique applied for transgenic production is micromanipulation of 
fertilised oocytes firom superovulated donor animals and microii^ection of DNA into the 
pronucleus (1,6). The DNA'>ii\jected eggs arc relmplanted into pseudopregnant foster mothers 
and the of&pring are then analysed for the presence of the foreign DNA in the genome. This 
technique is basically common to all animal species where this technology has been applied. 
Time schedule, hormone treatment and operating procedure, however, require adjustment to 
the respective species. Whereas microinjection aims at implantation of foreign genomic 
mateiial into the geimline, different techniques have been developed to insert DNA into 
somatic cells (7-10). This Implies transgenesis in cells which are not part of the gennline and, 
therefore, a genetic alteration can not be propagated to the of&pring. These techniques often 
aim at gene therapeutic approaches where a de&cdve gene can be replaced in function at some 
time in &e ontogeny. 

Three methodological approaches have been used to generate transgenic animals: i) injection 
of DNA "bto the pronucleus of fertilized oocytes as described above, ii) homologous 
recombhiation in embryonic stem cells of mice (II) and Hi) retroviral mibction of 
preimplantative blastocysts (12). At present, research efforts are focused on the first two 
techniques which represent two sides of a coku The "knock out" approach achieved with 
homologous recombinatloix yields a '^loss-of-flmctioa" study, In contrast to the ''gahi-of- 
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fiinction" approach which is used in microii^ectlon causing overexpresslon of a geno. "^Loss- 
of-funcdon" is a tool to analyse the function of a gene by functional interruption and is 
achieved by inserting a disruptive sequence In vitro* The endogenous gene is replaced with the 
mutated gene by homologous recombination in the stem cell. Despite the precision of this 
method, ftmctional conclusions ve not easily drawn from such experiments. For example, 
gene "knock-outs'*, especially of transcription factors, have often demonstrated no apparent 
phenot^-pe due to the functional redundance of cell atid gene regulatory systems . Other gene 
disruptions have precluded extensive analysis due to embryonic lethality. Studies using partial 
"loss-of-fUnctioa*'-mutants or double knock outs are under way to obviate these difficulties 
(13), Thus far, embryonic stem cell technology has only be successful in mice, however, the 
need to generate rat embryonic stem cells has been recognised for physiological and 
pharmacological investigations. 

Homologous recombination allows replacement of a the native gene by a mutant which can be 
analysed in the natural chromosomal environment, which affects gene expression and 
rej^ulation. In contrast, transgenesis by micorinjection occurs by random insertion into the 
genome without control of copy numbers of DNA integrated. To achieve a reproducible gene 
integration, locus control regions or matrix attachment regions have been used as control 
elements to direct transgene integration (14-17). Another successful strategy has been not to 
ii^ject the transgene alone but rather large DNA constmots such as yeast artlfical 
chromosomes (18-19), in order to control the "environment" of the transgene. These 
techniques will in the fUmre redefine the tmnsgenic mctliodology and possibly other newly 
developed strategies for somatic transgenesis. Progress in this field can not be separated from 
gene therapeutic approaches, where a foreign gene will be transfered into somatic cells. A 
vast number of different m vitro and in vivo strategics exists for gene transfer. In vitro 
strategies use host cells that arc isolated from the body, grown , stably 'transfectcd vydth a 
transgene and then reimplanted (10). In vivo studies directly apply DNA to the host either by 
direct injection into the tissue of interest, by liposomal transfection, by retroviral or adenoviral 
infection (8,9) or by receptor-mediated uptake e.g. by via the tran$ferrin receptor. A detailed 
description of these technologies, however, is beyond the scope of this article. 
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Transgen Ic animals in cardiovascular disease 

The cardtovascular system has been the focus of interest for transgenic research due to the 
high cardiovascular morbidity and mortality in industrialized sociedes. Transgenic animals 
have been generated for almost every aspect of cardiovascular research &om hypertension to 
formation of myocardial tumors. The candidate gene approach has been used to study, the 
effects of gene products of hormones y/tdch are knom to be involved in blood pressure 
regulation and which are supposed to play a role in the pathogenesis of hypertension. Odier 
risk fkctors of cardiovascular disease such as atherosclerosis or hemostatic mechanisms have 
been investigated by transgenic techniques. 

nitndiHflttt ganft ftpprniich/iiftiimhortnonal studies 

The regulation of cardiovascular function is complex and depends on many factors which 
interact in a defined spatial and temporal pattern. It is therefore difficult to. assign a particular 
phenotypc or functional parameter to a certain gene. Transgenic introduction of a gene into an 
organism does allow to define tiie contribution of a certain gene to the physiology or 
pathophysiology of cardiovascular function. Due to the multitide of hormones, regulatory 
peptides, cell signalling pathways eta, research has focused on the role of candidate genes. 
Hiese are genes^ which are known to be involved in cardiovascular regulation and, therefore, 
Iil»Iy to play a lole in dysfunction of the heart or the vascular wail as m hypertension*^ Since 
the e3q>re5sion of the transgene in animals is the only difference to transgene-negadve control 
ai^imaig, a change in cardiovascular function can be correlated to the presence of the 
transgene. 

The precursor of arginine vasopressin^ preproarginine vasopressin, v^ch is under control of 
the metallothioneln promoter has been expressed in transgenic mice resulting in chronically 
elevatedlevels of vasopressin in the plasma (20). Inaeased levels of vasopressin were present 
in the plasma elevating serum osmolality to levels corresponding to mild nephrogenic diabetes 
insipidus. Atrial natriuretic peptide which is known to reduce blood pressure and to induce a 
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marked natriuresis has been expressed In mice to study the effects of chronically elevatd ANP 
levels on cardiovascular function. Use of the heterologous mouse promoter transthyretin 
resulted in a ten-fold elevation of immunoreactive plasma ANP and significantly lowered 
blood pressure without altering plasma electrolyte balance (21). 

Transgenic animals have also been generated in hypertension research. Besides the known 
influence of environmental fkctors on the development of high blood pressure, hypertension 
has a strong genetic background (22»23). Therefore, candidate genes of hypertension such as 
the components of the renin-angiotensin system have been studied in detail* This system is a 
major regulator of blood pressure and of sodium- and volume homeostasis. Renin genes of 
different species, as well as its substrate angiotcnsinogen, have been introduced into 
transgenic mice (24-27). Transgenic mice expressing both the rat or human renin and 
angiotensiaogen gene developed elevated blood pressure levels (27,28), However, rats, as 
opposed to mice, have attracted much interest in the field of research, since tliey are more 
suitable for hemodynamic, pharmacological and functional studies. Rats with hereditar>' 
hypertension, such as spontaneously hypertensive rats, have been used as a model for primary 
human hypertension, Expression of the mouse renin-2-gcne in transgenic rats has led to 
fulminant hypertension with values in the range of 220 mmHg systolic in heterozygous 
animals (3). Unexpectedly, despite the presence of an additional renin gene, these rats exhibit 
a low plasma renin activity, corresponding to low renin hypertension syndromes in humans. 
Transgenic rats with the human renin and angiotensinogen gene have also been generated 
which maintain the species-specificity of the human renin-substrate reaction (4). 

Cardiovascular aspects can also be demonstrated in transgenic mice overexpressing growth 
hormone (29,30). Excess growth hormone in humans causes acromegaly and gigantism. 
Patients suffering from this disease frequently develop hypertension, although growth 
hormone by itself is not hypcrtensinogenic. Overexpression of a metallothionein-fiision gene 
in mice did not significantly raise blood pressure, but the vascular wall-to-lumen ratio was 
significantly altered in mesenteric arteries. The increase in wall thickness in these arteries may 
elevate peripheral resistance and thus contribute to the hypertensive blood pressure levels in 
acromegalic patients. However, the multifocal expression of growth hormone has also a 
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number of other effects resulting in progicssive glomeniiosclerosis after inductioa of 
mesangiai cell growth. (30) 

In addition to hypertension, other risk faotois of cardiovasoular disease sueh as atherosclerosis 
have been investigated: Lipoprotems are the macromolecular transporters of non-polar lipids. 
The nu^or high density lipoprotein (HDL) associated apolipoprotein is apolipoprotein AL 
Plasma HDL concentmtions as well as apoAI levels have been shown to be inversely 
coirekted to the development of premature coronary heart disease. As its msyor 
apolipoprotein constituent, apoAI plays a central role in HDL assembly. The human apoAI 
gene was transferred into the atherosclerosis susceptibia inbred mouse strain CS7BL76. This 
transgcne lead to a 2-fold increase in apoAI and HDL. Similarly, apolipoprotein B was 
expressed m transgenic mic (32). Although these mice were fed a high fat diet, they were 
markedly protected from atherosclerotic plaques. In other experiments, high levels of the law 
density lipoprotein (LDL) receptor was expressed using a receptor cDNA under the control of 
a metallothionein promoter. These mice cleared LDL from blood 8-times faster than 
normally. The transfer of LDL recq)tors to patients with known genetic LDL receptor defects 
as m familial h}'percholesterolemia may be an approach do replace defective receptor fiinotion 
(33). 

Transgenic animals In pulmonaiy disease 

* 

Most anunal models which are used to mimic human disease are based on lesions M^ch are 
applied to the adult animal and then the course of disease or the effect of treatment is analysed 
over tune. Whereas animal models applicable to chronic and degenerative disease processes 
is less fiequent developed* New animal models for chronic human disease may be generated 
by transgenic animals either by overexpreission and excess ftihction of a particular gene or by 
disruption of a functional gene. The success of these approaches depends on the extent to 
which a singular gene is mdeed responsible for a diicase. Tuc investigation oi cystic fibrosis 
the most common autosomal inherited disease, is a paradigm for these problems. The 
defective gene in cysdc fibrosis patients has been identified as Cftr, which encodes an ion 
channel at the cell membrane. By homologous lecombination, several groups succeeded to 
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dlsnipt the Cftr gene (34-36). Alt animal lines developed symptoms of cystic fibrosis. 
Although all these experiments created null mutations, the time course and the pattern of 
tissue involvement differed between the lines. These null mutation mice may be used for 
further studies on the Cftr gene, by introducing mutations of the Cftr gene via the transgenic 
approach. Comparison of the different clinically important mutations compromising the Cftr 
gene may clarify the tissue specific pattern of tissue involvement, Beyond that, tlicse mice are 
excellent models to develop gene dierapeutic strategies. Somatic transgenesis by liposomal 
transaction led to expression of a ftmctional Cftr gene m the lung of these transgenic mice 
with the disrupted ion channel. (7). Oene therapeutical trials are now underway in humans 
with cystic fibrosis to apply the an intact Cftr gene supplementing the defective non- 
functional Cftr gene. 

Transgenic animals in neurodegenerative disorders 

As for chronic lung disease, transgenic methodology is being used to generate animal models 
wliicli represent important aspects of human neurodegenerative disorders. The focus of 
interest has been Alzheimer^s diseas9y where beta-amyloid, derived from the amyloid 
precursor protein, is chronically deposited in senile plaques and along vessel walls. In some 
forms of familial Alzheimer's disease, mutations of the amyloid precursor protein have been 
identified to be responsible for the development of the disease. Expression of the amyloid 
precursor protein in transgenic mice has not led to a distinctive Alzheimer's disease 
.phenotype in the brain of these animals, however, a carboxyterminal fragment of the amyloid 
protein precursor causes neurodegeneration in vivo (37). Whether this closely correlates to 
Alzheimer's disease in humans is not clear and fUrther studies aimed at overexpression of 
other components of the senile plaques such as the microtubule-associated protein tau are 
under way to generate an animal model for the human disease. 

Transgenic animals in oncology or immunology 

In these fields, most of tlie research employing transgenic teclmology is focused on 
fundamental studies rather than clinical disease. Several studies are being performed to 
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clarify the legulation of oncogenes. In particular, how they are activated and by which 
pathways these oncogenes exert their carcinogenic potential. Ttansgonlc animals have been 
used as specific research tools to study the different steps in tumor development leading to a 
better understanding of the tumor-host interaction, tumor growth and angiogenesis and 
metastatic seeding. The analysis of these processes may lead to new therapeutic strategics, 
which could interrupt tumor development at the different stages. Similarly, the understanding 
of the immune system, the cytokine network and the host versus graft reaction in 
transplantation have been enhanced by transgenic approaches (38). The interaction of the 
cytokine network with antibody formation and B cell activity has been studied by "knock out" 
experiments. Gene targeting was used to disrupt genes involved in B and T cell differentiation 
(38,39). The role of cytokines and of difSsrentiation factors in autoimmune and inflammatory 
disease has been investigated in several transgenic models . Overcxpression ofhiman tumour 
necrosis factor alpha in transgenic mice led to the development of chronic arthritis and 
systemic tumor necrosis &ctor-mediated disease (40). As a sign of chronic arthritis, 
accumulation of polymorphnuclear cells, synovial thickening and finally synovial hypeiplasia 
and pannus, eroding the cartilage was observed. Similarly "knock out" of tran^rming factor 
fi led to chronic and diffUse inflanumtipn (41). How these e^qpenments truely represent 
human syndromes of chronic inflammadon remains to be elucidated, but they allow the 
investigation of the regulation of inflammatory processes. 

Concluding remarks 

Transgenic methodology has so rapidly developed that inclusion of all relevant data and 
publications is beyond the scope of this manuscript. However, it has been shown that 
transgenic methodology has spread into cv^ry field of biomedical research. Transgenic 
animals are being used to create new models for human diseajse, i) by generation of animal 
models which resemble the human condition as close as possible and ii) by in-detail analysis 
of the pathogenesis of human diseases under in vivo conditions. The furdier refinement of this 
technology from simple injection of foreign DNA into an oocyte to expression of large 
chromosomal regions and to the technique of embryonic stem cell manipulation underscores 
the fact that this technology is stlU in development. 
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Transgenic methodology* however, can not be considered in isolation: It is rather part of a 
m^or advancement gene technology has provided, extending Into the fields of cell biology 
and nioiecular genetics. For examples, novel strategies in molecular genetics allow to identiiy 
the causative genes for disease and pathophysiological processes. In return, these genes can 
then be tested in transgenic animals on the functional and cellular level. In the fatme, these 
technologies can act in concert to develop new therapeutic strategies for human diseases and 
are therefore of interest for clinical applications. The methodological expansion, however, 
requires collaborative efiforts of scientists and transfer of know-how between specialised 
laboratories more than ever. 
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